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SUMMARY
The storage of nuclear materials i n arrangements so as t o preclude c r i t ical i t y by accident i s an item f o r concern throughout t h e nuclear f u e l cycle.
I n t h e reprocessing o f nuclear fuels, such as i n t h e Purex F a c i l i t y a t Hanford, plutonium n i t r a t e s o l u t i o n s are commonly stored i n s t a i n l e s s steel, on poly-I@ ethylene, c y l i n d r i c a l b o t t l es. Because experimental data on t h e c r i t i c a l i t y o f i n t e r a c t i n g arrays o f Pu s o l u t i o n containers, as might occur i n storage and handling, were lacking, t h e Rockwell Hanford Operations sponsored a s e r i e s o f experiments a t t h e C r i t i c a l Mass Laboratory o f PNL w i t h i n t e r a c t i n g arrays I P o f b o t t l e s containing p l utonium n i t r a t e solutions.
The o b j e c t i v e o f these experiments was t o provide benchmark data t o val i d a t e calcul a t i o n a l codes used i n c r i t i c a l i t y safety assessments o f p l a n t configurations.
Arrays cont a i n i n g up t o as many as sixteen t h r e e -l i t e r b o t t l e s f i l l e d w i t h plutonium n i t r a t e were used i n t h e experiments. A s p l i t -t a b l e device was used i n t h e f i n a l assembly o f t h e arrays. The planar arrays were r e f l e c t e d w i t h close f i t t i n g p l e x i g l a s on each side and on t h e bottom but not t h e top surface.
The experiments addressed a number o f f a c t o r s e f f e c t i ng c r i t i c a l i t y , name1 y:
1) t h e c r i t i c a l a i r gap between b o t t l e s i n an array o f f i x e d number o f b o t t l e s ,
2) t h e number o f b o t t l e s required f o r c r i t i c a l i t y i f t h e b o t t l e s were touching, and 3 ) t h e e f f e c t on c r i t i c a l array spacing and c r i t i c a l b o t t l e number due t o t h e i n s e r t i o n o f an hydrogeneous substance i n t o t h e a i r gap between b o t t l e s .
Each b o t t l e contained about 2.4k o f Pu(N03 l4 s o l u t i o n a t a Pu concentration o f 105g Pu/k, w i t h t h e 240Pu content being 2.9 w t % a t a f r e e acid m o l a r i t y H+ of 5.1.
A f t e r t h e i n i t i a l s e r i e s o f experiments were performed w i t h b o t t l e s separated by a i r gaps, p l e x i g l as s h e l l s o f varying thicknesses were placed around each b o t t l e t o i n v e s t i g a t e how moderation between b o t t l e s e f f e c t s both t h e number o f b o t t l e s required f o r c r i t i c a l i t y and t h e c r i t i c a l spacing between each b o t t l e.
The minimum number o f b o t t l e s required f o r c r i t i c a l i t y was found t o be 10.9 b o t t l e s , o c c u r r i n g f o r a square array w i t h b o t t l e s i n contact. As t h e b o t t l e s were spaced apart, t h e c r i t i c a l number increased. For sixteen b o t t l e s i n a square array, t h e c r i t i c a l separation between b o t t l e surfaces i n both x and y d i r e c t i o n s was 0.96cm. The a d d i t i o n o f p l e x i g l as around each b o t t l e decreased the c r i t i c a l b o t t l e number, compared t o those separated i n a i r , b u t t h e c r i t i c a l b o t t l e number, even w i t h i n t e r s t i ti a1 p l a s t i c i n p1 ace was a1 ways greater than 10.9 b o t t l e s .
The most r e a c t i v e c o n f i g u r a t i o n was a t i g h t l y packed array o f b o t t l es w i t h no i nterveni ng mater i a1 .
As a r e s u l t o f these experiments, c a l c u l a t i o n a l benchmarks now e x i s t f o r c r i t i c a l i t y analysis o f b o t t l e arrays o f p l utonium n i t r a t e solutions. 
. D e s c r i p t i o n o f L-3 B o t t l e s Used i n Experiments
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INTRODUCTION
The s a f e hand1 i n g o f n u c l e a r f u e l i s a prime concern o f t h e n u c l e a r f u e l c y c l e, worldwide. The c r i t i c a l i t y o f i n t e r a c t 1 ng a r r a y s o f f i s s i o n a b l e m a t e r i a l i s important, p a r t i c u l a r l y i n f u e l reprocessing, s t o r a g e and shipment, b u t t h e r e remains a s i n g u l a r l a c k o f c r i t i c a l experiment data on i n t e r a c t i n g a r r a y s o f s o l u t i o n c o n t a i n e r s o f plutonium on which t o v a l i d a t e c a l c u l a t i o n s used i n c r i t i c a l i t y s a f e t y assessments.
To p r o v i d e such data, a s e r i e s of c r i t i c a l experiments, funded by t h e
Rockwell Hanford Operation, were performed a t t h e C r i t i c a l Mass Laboratory (CML), o f t h e P a c i f i c Northwest Laboratory (PNL) w i t h p l a n a r a r r a y s of t h r e el i t e r p o l y e t h y l e n e b o t t l e s c o n t a i n i n g p l u t o n i u m n i t r a t e s o l u t i o n . The e x p e r i -
ments a r e somewhat s i m i l a r t o those pertormed a t t h e CML on b o t t l e s o f 233U s o l u t i o n r e p o r t e d i n 1968. P l e y i g l as r e f l e c t e d a r r a y s c o n t a i n i n g up t o s i x t e e n b o t t l e s , each b o t t l e c o n t a i n i n g about 2.4 l i t e r s o f s o l u t i o n , a t a c o n c e n t r a t i o n of 105 g Pu/R were used i n t h e experiments. The p l u t o n i u m was o f low 240Pu c o n t e n t (2.9 w t % 240Pu). The experiments p r o v i d e data on v a r i o u s f a c t o r s e f f e c t i n g c r i t i c a l i t y of t h e a r r a y s i n c l u d i n g i n f o r m a t i o n on: 1 ) The c r i t i c a l number o f b o t t l e s i n v a r i o u s p l a n a r a r r a y s as a f u n c t i o n o f t h e spacing between b o t t l e s , 2 ) Number o f b o t t l e s r e q u i r e d f o r c r i t i c a l i t y w i t h b o t t l e s i n contact, 3 ) E f f e c t on c r i t i c a l a r r a y spacing and c r i t i c a l number o f b o t t l e s due t o i n s e r t i o n of an hydrogeneous substance i n t o t h e a i r gap between b o t t l e s
o f an array.
EXPERIMFNT DESIGN The f i s s i l e s o l u t i o n used i n these experiments i s described i n Table 1. I t had an average c o n c e n t r a t i o n o f 105 g / a Pu w i t h t h e 240Pu c o n t e n t being 2.9 w t % a t a f r e e a c i d m o l a r i t y (H') o f 5.1. The s o l u t i o n s p t r c i f i c g r a v l t y was determined t o be 1.420. P r i o r t o b o t t l e f i l l i n g , t h e s o l u t i o n was thoroughly mixed t o ensure t h e same c o n c e n t r a t i o n o f p l u t o n i u m i n each b o t t l e .
M I F I . . Table 2 , ranged from 2.39 t o 2.42 w i t h an average o f 2.407 + 0.011. The average outside diameter o f t h e b o t t l e s was 11.78 + 0.04cm. The inner b o t t l e diameters, also shown i n Table 2 , ranged from 10.53 t o 10.68cm w i t h t h e average being 10.63 + 0.05cm. Based on these data, t h e average s o l u t i o n height per b o t t l e was 27.'12 + 0.30cm. I n every instance, t h e s o l u t i o n height was 1 imited t o 1 eve1 s be1 ow t h e curved neck o f t h e L-3 b o t t l e (see Figure 1 ). A1 1 arrays were r e f 1 ected w i t h p l e x i g l as on a1 1 sides and t h e bottom as shown i n F i g u r e 2. The top was u n r e f l ected. B o t t l e s were accurately positioned w i t h t h e he1 p o f an aluminum framework* shown i n both Figures 2 and 3 .
Description o f Pl utonium N i t r a t e Sol u t i o n
ComDonent
B o t t l e spacing coul d be adj usted by s l i d i ng b o t t l e s a1 ong dove-tail ed grooves i n both
t h e x and y d i r e c t i o n s . Figure 3 1. The f u e l loading adjustment was made by hand and, a f t e r each subsequent change t o the system t h e t a b l e was closed remotely, completing t h e array geometry desired. The c r i t i c a l approach method was used t o measure t h e c r i t i c a l spacing o r c r i t i c a l b o t t l e number, depending upon t h e experiment.
i n s securely held each b o t t l e i n place t o prevent t i p p i n g and b o t t l e movement. The p i n s were shown t o have e s s e n t i a l l y no e f f e c t on t h e c r i t i c a l experiment data, as t h e same c r i t i c a l val ues were determined w i t h and w i t h o u t the p i n s i n place f o r several experiments. C r i t i c a l i t y was approached i n steps by l o a d i ng about ha1 f o f t h e b o t t l e s on each side o f the s p l i t t a b l e device w i t h t h e faces separated. (See
That is, small incremental changes were made t o t h e arrays f o r a s u b c r i t i c a l l o a d i n g and t h e inverse count r a t e s obtained were extrapolated t o t h e c r i t i c a l condition.
A f t e r t h e i n i t i a l s e r i e s o f experiments was performed w i t h b o t t l e s separated by a i r gaps, p l e x i g l a s s h e l l s o f v a r y i n g thickness were positioned around each b o t t l e t o determine t h e e f f e c t o f adding a moderating m a t e r i a l i n t h e space between b o t t l es. The pl e x i gl as serves t o i n t e r nal 1 y moderate t h e neutrons
and e f f e c t s both t h e neutron 1 eakage from, and t h e neutron i n t e r a c t i o n between, the b o t t l e s making up t h e array. The s h e l l s are described i n Figure 4 .
FXPFRIMFNTAL RESULTS
The experimental r e s u l t s are summarized i n Tab1 e 3 (Experiments 8-12 w i t h p l a s t i c s h e l l S, Figure 4, on the b o t t l e s ) . C r i t i c a l array c o n f i g u r a t i o n s f o r given numbers o f b o t t l e s are g r a p h i c a l l y i l l u s t r a t e d i n Figures 5 through 11. C r i t i c a l numbers t h a t appear i n the t a b l e t h a t are n o t i n t e g r a l (who1 e numbers o f b o t t l e s ) were o b t a l ned from extrapol a t i o n o f t h e mu1 ti pl i c a t i on curves o f b o t t l e s required f o r c r i t i c a l i t y f o r a given spacing. By t h i s means t h e smallest c r i t i c a l number o f b o t t l e s was found t o occur w i t h b o t t l e s i n
contact (no surface-to-surface separation), t h e extrapolated number b e i n g -10.9. The manner i n which t h i s number might be used i n a c a l c u l a t i o n i s somewhat questionabl e, b u t t h e data establ i sh a 1 i m i t on the smallest c r i t i c a l number which i s very useful i n c r i t i c a l i t y c o n t r o l considerations. I n t h e case o f t h e 16 b o t t l e s t h e spacing i s -0.96 cm, and f o r t h e 12 b o t t l e a r r a y ~. 0 . 3 5 cm.
As t h e number o f b o t t l e s was increased t o twelve ( 3 x 4 array), w i t h the b o t t l e s i n contact i n t h e x d i r e c t i o n (see
